tant molecules, smaller than the critical sizes against the pores, can enter in the pores and react at the catalytic site. Furthermore, only product molecules that can diffuse out through the pores appear as a product. Zeolites are the most probable candidates for such molecular sieves because their pores and channels are uniformly distributed, and their dimensions allow both reactants and products to enter, reside, and leave in the catalytic process.
The mechanism of the catalysis over various types of zeolites is important to understand for the design of new processes of catalytic manufacturing of fine organic chemicals and advanced materials as well as petrorefining. Organic aromatic molecules normally react at many positions to give mixtures of products over catalysts because the catalysis proceeds under kinetic and/ or thermodynamic controls. Selective synthesis of the least bulky isomers can be achieved only by the prevention of the formation of bulky isomers in confined reaction environments in the pores and channels of the zeolites. Therefore, the most important key for catalyst design is how to identify zeolites with the optimum pores and channels to exclude the formation of bulky molecules.
The alkylation of polynuclear aromatic hydrocarbons, such as biphenyl (BP) and naphthalene (NP), over zeolites is a typical example for the investigation of catalysis in confined environments. Extensive studies indicate that the selectivities depended on the types of zeolites and alkylating agents employed in the catalysis 3)～59) . Twelve-membered ring (12-MR) and fourteenmembered ring (14-MR) zeolites have the most favorable pore entrances and channel sizes to allow entry and accommodation of BP and NP. In particular, dealuminated H-mordenite (MOR) selectively forms the least bulky isomers 4,4'-diisopropylbiphenyl (4,4'-DIPB) and 2,6-diisopropylnaphthalene (2,6-DIPN) in the isopropylation of BP 3),6),9)～14),27)～29) and NP 34),35),38)～50) , respectively. On the other hand, much lower selectivities for 4,4'-DIPB 3)～5),8),9),17) and 2,6-DIPN 3),6),37),51)～54)
were observed over large pore zeolites with threedimensional channels, such as Y zeolite (FAU) and zeolite β (BEA). The selectivities were improved by the use of the bulky alkylating agents, such as 1-butene and 2-methylpropene, in the alkylation of BP 14)～16), 30～32) and NP 35)～37),54)～57) . We have proposed that shapeselective formation of the least bulky isomers, 4,4'-dialkylbiphenyl (4,4'-DABP) and 2,6-dialkylnaphthalene (2,6-DAN), only occurs by exclusion of the other bulky isomers if the transition states of these isomers fit the zeolite channels 3)～6),10)～17),34)～37),54)～59)
. In this paper, we review our findings on the shapeselective alkylation of BP and NP over 12-and 14-membered zeolites, particularly from the aspects of catalysis in zeolite channels. The types of zeolites are abbreviated according to Framework Type Code (FTC) of the International Zeolite Association, unless otherwise stated 60) . Figure 1 shows the reaction profile of the isopropylation of BP over MOR (SiO2/Al2O3 220) at 250ºC under a propene pressure of 0. 8 MPa 10) . The least bulky isomers, 4,4'-DIPB among the DIPB isomers, were the predominant products throughout the reaction. The formation of 4,4'-DIPB occurred with consumption of 4-IPBP and accumulation of 2-and 3-IPBP isomers. The selectivities for 4,4'-DIPB 62) were almost constant during the reaction. Highly selective formation of 4,4'-DIPB shows that the isopropylation proceeds by a consecutive mechanism: BP to 4-IPBP in the first step, and 4-IPBP to 4,4'-DIPB in the second step.
Isopropylation of BP over MOR

61)
The isopropylation of 3-and 4-IPBP mixtures was examined to understand the role of these isomers 13) . Figure 2 summarizes the effects of initial 3-/4-IPBP ratio on the isopropylation over MOR (SiO2/Al2O3 128) at 250 4 h under 0.8 MPa of propene. 4-IPBP was consumed more rapidly than 3-IPBP, with the apparent conversions of 4-IPBP at 78, 85, and 98% for mixtures of 3-and 4-IPBP in the ratios of 1 : 4, 1 : 1, and 4 : 1, respectively. Meanwhile, 3-IPBP was consumed with conversions of only 2, 12, and 27%, respectively. The selectivities for 4,4'-DIPB were decreased from 85 to 40% with the increase in the ratio of 3-IPBP. However, the features of encapsulated products indicate that all the different mixtures of 3-and 4-IPBP were highly selective for the formation of 4,4'-DIPB. Even for a 4 : 1 mixture of 3-and 4-IPBP, the selectivity for 4,4'-DIPB was over 80%, although 3-IPBP was found in a relatively high amount in the encapsulated products. These results indicate that 4-IPBP preferentially establishes transition states with propene among the isomers at acidic sites in the MOR channels, resulting in the selective formation of 4,4'-DIPB. The formation of 4,4'-DIPB occurs through 4-IPBP by a "reactant selectivity mechanism" 1),3)～6) due to the difference in the reactivities of 3-and 4-IPBP in the MOR channels as well as through a "restricted transition state selectivity mechanism" 1),3)～6)
. Figure 3 shows the effects of dealumination of MOR on the isopropylation of BP. MORs with SiO2/Al2O3 ratios of less than 20 gave selectivities for 4,4'-DIPB of only 60-70%, accompanying the formation of bulky 2,x'-DIPB (2,2'-, 2,3'-and 2,4'-) isomers. These catalysts were rapidly deactivated by coke deposition in their one-dimensional channels during the reaction 12) . Dealumination is an important technology for the enhancement of the catalytic performance of MOR, although it causes decreases in acid sites and increases in mesopores 63)～67) . The dealumination of MOR also enhanced catalytic performance in the isopropylation of BP, and the selectivities for 4,4'-DIPB were remarkably improved by the decreased formation of 2,x'-DIPB isomers. The TG profiles of the catalyst used for the reaction are shown in Fig. 4 . The peaks due to coke deposition were observed at about 600 , and were decreased by dealumination. The peaks due to volatile encapsulated organic compounds inside the channels were found between 300 and 350 for the dealuminated MOR. These encapsulated products are considered as "finger prints" to elucidate the reactions inside the zeolite. The selectivities for 4,4'-DIPB in the encapsulated products shown in Fig. 3 were almost constant for all MORs. These results indicate that the selective formation of 4,4'-DIPB occurred inside MORs even with the lowest SiO2/Al2O3 ratios. The low selectivities in bulk products over MORs with the lowest SiO2/Al2O3 ratio were most likely due to non-selective catalysis at the external surface after choking of the channels by coke deposition. These results indicate that the dealuminated MOR channels are appropriate for shape-selective formation of 4,4'-DIPB, although dealumination causes decreases in the acid sites and the formation of mesopores. on the yields and selectivities of DIPB isomers in the isopropylation of BP over MOR (SiO2/Al2O3 206) 12) . 4,4'-DIPB was predominant among DIPB isomers at low and moderate temperatures, with the yield reaching a maximum at 275 (Fig. 5(a) ). Further increases in temperature decreased the yield of 4,4'-DIPB with simultaneous increase in the yield of 3,4'-DIPB, and then increased the yield of 3,3'-DIPB with the decrease in the yield of 3,4'-DIPB. The decrease in the selectivity for 4,4'-DIPB at higher temperatures is due to the isomerization of 4,4'-DIPB to the thermodynamically more stable 3,4'-and 3,3'-DIPB. However, the selectivity for 4,4'-DIPB in the encapsulated products remained constant even at 350 (Fig. 5(b) ). These results indicate that the isomerization of 4,4'-DIPB occurs at the external acid sites at higher temperatures. The discrepancies in the selectivities for 4,4'-DIPB between bulk and encapsulated products suggest that the internal and external acid sites have different roles due to the differences in their steric environments. The selective formation of 4,4'-DIPB occurs at the internal acid sites: the transition state of the least bulky 4,4'-DIPB was preferentially established among the DIPB isomers due to the steric restrictions of the MOR channels. The propene strongly adsorbed on external acid sites are considered to prevent non-selective reactions, such as the isopropylation of BP and IPBP isomers, and the isomerization of 4,4'-DIPB, particularly at the low and moderate temperatures, because they hinder the acess of BP, IPBP, and DIPB isomers to the acid sites 12) . However, vacant acid sites appear at higher temperatures. Propene and 4,4'-DIPB can adsorb competitively on these vacant external acid sites. 4,4'-DIPB directly adsorbed on such external acid sites easily isomerizes to 3,4'-and 3,3'-DIPB. On the other hand, propene adsorbed inside the channels cannot hinder the access of BP and IPBP isomers to the acid sites because of the steric limitations of the channels, resulting in shapeselective formation of 4,4'-DIPB in the MOR channels.
The active sites for the formation of 4,4'-DIPB are inside the MOR channels as discussed above. To investigate the features of the isomerization of 4,4'-DIPB at external acid sites, the effects of the catalyst amount (BP/MOR, mmol/g) were examined in the isopropylation of BP over MOR at 250 , as shown in Fig. 6 14) . The selectivities for 4,4'-DIPB in the bulk products were decreased with increasing catalyst amount; however, they were as high as 85 to 90% at On the other hand, the selectivities for 4,4'-DIPB in the encapsulated products were as high as 85 to 90% for all BP/MOR ratios at 250ºC. The selectivities also remained higher than 75% at BP/MOR ratios of 20 and 50 at 300ºC 14) . These results indicate that the isomerization of 4,4'-DIPB occurred at vacant external acid sites, although 4,4'-DIPB was selectively formed inside MOR channels even at 300 . Similar isomerization at the vacant external acid sites was observed in the isopropylation of BP over MOR under low propene pressures 10) . These findings in the isopropylation of BP over MOR support that the catalysis occurs in elliptical straight channels of 12-MR pore entrances (0.67 0.71 nm) 60) because BP cannot enter through the diagonal side pockets of 8-MR pore entrances (0.29 0.57 nm). Thus, the least bulky products, 4-IPBP among the IPBP isomers, and 4,4'-DIPB among the DIPB isomers, are formed inside the channels by a "restricted transition state mechanism." The formation of 2-and 3-IPBP isomers and DIPB isomers with 2-and 3-isopropyl groups, however, is prevented effectively by the MOR channels because the corresponding transition states have bulkier conformations than the critical size of the channels. Only 4-IPBP participates in the formation of 4,4'-DIPB by a "reactant selectivity mechanism" as well as a "restricted transition state mechanism."
Isopropylation of BP over FAU and BEA
The isopropylation of BP over FAU and BEA, which are typical large pore zeolites with three-dimensional channels of 12-MR pore entrances, was examined to understand the features of catalysis in zeolite channels. Figure 7 shows the effect of reaction temperature on the isopropylation of BP over FAU 17) . The isopropylation over FAU is not shape-selective for the formation of IPBP and DIPB, and highly dependent on reaction temperature. Thus, the bulky 2,x'-DIPB isomers were predominant DIPB isomers at low temperatures; however, they decreased at higher reaction temperatures, accompanying the formation of the stable 3,4'-, 3,3'-, and 4,4'-DIPB isomers. These results indicate that FAU has no shape-selective nature for the isopropylation of BP because the FAU channels allow the formation of bulky transition states, even those of the 2,x'-DIPB isomers. The catalysis over FAU primarily occurs by electrophilic attack of isopropyl cations on the most electron-rich 2-positions under kinetic control, particularly at low temperatures, resulting in the formation of bulky 2,x'-DIPB isomers. Thermodynamic control also participates in the catalysis at higher reaction temperatures, resulting in increased formation of the stable 3,4'-, 3,3'-, and 4,4'-DIPB isomers 8) . These reactions occur in the FAU channels because the selectivity for 4,4'-DIPB in the encapsulated products also remained low at higher temperatures.
The isopropylation of BP over FAU accompanies significant formation of polyisopropylated products, such as triisopropylbiphenyls (TriIPB) and tetraisopropylbiphenyls (TetraIPB). These results support the assertion that FAU channels are too large for the selective formation of 4,4'-DIPB. Figure 8 shows the effects of reaction temperature on the isopropylation of BP over BEA 17) . The princi- pal isomers were 2,x'-DIPB isomers at approximately 50% selectivities at lower temperatures, whereas the selectivities for 4,4'-DIPB were almost constant (26-30%) in the range of 150 to 300ºC. These results indicate that the isopropylation of BP over BEA is not shape-selective for the formation of 4,4'-DIPB. The selectivities for 3,4'-and 3,3'-DIPB were increased at higher reaction temperature, accompanying the decrease in the selectivities for 2,x'-DIPB. These results indicate that the catalyses occur under kinetic control at low temperatures, with the participation of thermodynamic control at higher temperatures. The selectivities for 4,4'-DIPB in the encapsulated products were 42-46% at lower temperatures, and decreased to approximately 30% at 300ºC. Thus, the isopropylation of BP occurs in the BEA channels, and the channels are large enough for the isomerization of 4,4'-DIPB. These findings for MOR, FAU, and BEA indicate that the steric interaction of the transition states with the zeolite channels is important for shape-selective isopropylation of BP. High selectivities for 4,4'-DIPB with MOR are due to the exclusion of the transition states of bulkier isomers by the channels, resulting in selective formation of 4,4'-DIPB. However, the FAU and BEA channels are too large for the exclusion of bulky transition states.
Effects of Zeolite Type and Alkylating Agent on Alkylation of BP
The differences in the catalytic features of MOR, FAU, and BEA in the isopropylation of BP, as discussed in previous sections, indicate the importance of the steric interactions of the transition state intermediates with the zeolite channels. Consequently, we were interested in understanding the relationships between the types of zeolites and alkylating agents on the catalysis. Thus, we examined the isopropylation, s-butylation, and t-butylation using propene, 1-butene, and 2-methylpropene, respectively, as the alkylating agents, and compared the effects of zeolite types and bulkiness of alkylating agents on the alkylation of BP. The bulkiness of the alkyl cations formed from the alkenes in the transition states increases in the order: isopropyl sbutyl t-butyl. The s-butyl group acts as a bulkier substituent than the isopropyl group in the channels, although the diameter of s-butylbiphenyls is almost the same as that of isopropylbiphenyls at the molecular level. Therefore, s-butylbiphenyls have higher steric interactions with the channels than isopropylbiphenyls. Figures 9 through 11 show the effects of the type of zeolite on the selectivities for DABP isomers in the isopropylation, s-butylation, and t-butylation of BP at 250 , in which further isomerization of 4,4'-DABP was almost negligible in the alkylation reaction (see details of zeolites used and reaction results)
15)～17)
. These figures indicate that the selectivities depend on the type of zeolite as well as the bulkiness of the alkylating agent.
The highest selectivities for 4,4'-DIPB over MOR were observed using the 12-MR one-dimensional zeolites, MOR, AFI, ATS, and IFR, for the isopropylation, as shown in Fig. 9 . High selectivities were also observed over AFI with straight channels; however, they were lower than the selectivities found over MOR, because of slightly larger channels of AFI. On the other hand, ATS and IFR with 20-MR and 24-MR cages in corrugated channels, respectively, afforded 3,4'-and 2,x'-DIPB isomers as predominant isomers, and selectivities for 4,4'-DIPB are as low as 20-30%. These results indicate that the catalysis over these zeolites operates under kinetic and/or thermodynamic controls, because the steric restrictions of the channels on the transition states cannot exclude the transition states of bulkier isomers. These assertions are also supported by the effects of reaction temperatures on the catalytic features: kinetic control was predominant at low and moderate temperatures, resulting in the predominant formation of 3,4'-and 2,x'-DIPB, whereas thermodynamic control increased the formation of the stable isomers 3,4'-and 3,3'-DIPB at higher temperatures. Among the 14-MR one-dimensional zeolites, CFI, DON, and SFH, high selectivities for 4,4'-DIPB of around 50% were observed only over CFI (slightly corrugated channels with 16-MR cages; pore entrance: 0.72 0.75 nm), whereas selectivities were less than 20% over DON (straight channels, pore entrance: 0.70 0.95 nm) and SFH (corrugated channels with 22-MR cages; pore entrance: 0.65 0.88 nm). These results indicate that CFI can exclude the bulky isomers, partic- ularly 2,x'-DIPB, whereas the channels of DON and SFH were too large to exclude these isomers. Low selectivities for 4,4'-DIPB were also observed over the three-dimensional zeolites FAU, (12-12-12 pore entrances), BEA (12-12-12 pore entrances), and CON (12-12-10 pore entrances). The selectivities for 4,4'-DIPB are approximately 60% at 250 over several one-dimensional 12-MR metalloaluminophosphates with straight channels of AFI topology (MAPO-5, M: Si, Mg, Ca, Sr, Ba, and Zn) 18)～20) . These selectivities are similar levels to those found over SSZ-24 19) . SSZ-55 and its metalloaluminophosphate analogs, MAPO-36 (M: Si, Mg, and Zn) of ATS topology gave selectivities for 4,4'-DIPB of 20 to 40% 20),22),23) . These results indicate that the selectivities of the AFI and ATS topologies do not depend on the type of metal component, but on the oxygen rings.
The selectivities for 4,4'-di-s-butylbiphenyl (4,4'-DSBB) were enhanced in the s-butylation, compared to the isopropylation, over all zeolites as shown in These results indicate that s-butyl moieties act as bulkier substituents in zeolite channels than isopropyl moieties, although the effective molecular diameter of 3,4'-DSBB is almost the same as that of 3,4'-DIPB. The formation of bulky isomers, such as 3,4'-and 2,x'-DSBB, however, was predominant over the zeolites, IFR, DON, SFH, FAU, BEA and CON, even though the s-butyl moieties were effective in the exclusion of bulky isomers from the channels. Shape-selective formation of 4,4'-di-t-butylbiphenyl (4,4'-DTBB) was observed in the t-butylation of BP over all zeolites, as shown in Fig. 11 . The selectivities for 4,4'-DTBB were over 90% for MOR and AFI at 250 , and ATS and IFR also afforded high selectivities for 4,4'-DIPB of 85 and 80%, respectively. These results indicate that t-butyl moieties are effective bulky substituents for the formation of 4,4'-DTBB in the zeolite channels, when compared to s-butyl and isopropyl moieties, and that the bulky DTBB isomers, 2,x'-, 3,3'-, and 3,4'-DTBB, are effectively excluded by the steric interactions with the zeolite channels. However, formation of the bulkier isomers 3,3'-and 3,4'-DTBB also occurred over ATS, IFR, SFH, FAU, BEA, and CON. The results indicate that these zeolites, particularly FAU, allow the accommodation of bulky isomers in their channels.
Figures 9 through 11 also show the selectivities for 4,4'-DABP in the encapsulated products, which were almost the same as for the bulk products. These results support the conclusions that shape-selective catalysis occurs inside the channels by exclusion of bulky transition states, resulting in selective formation of 4,4'-DABP.
Shape-selective isopropylation of BP was also observed over STO (SSZ-31) 24) and MSE (MCM-68) 25) . STO has the largest 12-MR pore entrances among the 12-MR zeolites with one-dimensional straight channels (pore entrance: 0.65 0.78 nm) 60) , resulting in shapeselective formation for 4,4'-DIPB. MSE has threedimensional channels (12-10-10 pore entrances) with large cavities 60) , where the 12-MR straight channel intersects diagonally with two independent 10-MR channels. BP can enter and react only in 12-MR straight channels with dimensions of 0.87 0.64 nm, not in 10-MR channels. The 12-MR channels exclude the transition states of the bulkier isomers, resulting in selective formation of 4,4'-DIPB. On the other hand, SSY (SSZ-60) with corrugated one-dimensional channels of 12-MR pore entrances gave low selectivities for 4,4'-DIPB similar to ATS and IFR 27) . The selectivities for 4,4'-DSBB and 4,4'-DTBB were also enhanced in the s-butylation and t-butylation over these zeolites.
Effects of Zeolite Type and Alkylating Agent on Alkylation of NP
The alkylation of NP is also important to investigate the relationship between zeolite types and alkylating agents in the alkylation of polynuclear aromatic hydrocarbons. There are two types of selectivities for β,β-and 2,6-DAN in the alkylation of NP, selectivity for β,β-DAN among DAN isomers (β,β-: 2,6-and 2,7-; α,β-: 1,3-, 1,6-, 1,7-; α,α-: 1,4-, 1,5-) , and selectivity for 2,6-DAN among DAN isomers. These selectivities are indicators of the steric interactions of the intermediates with the channels of zeolites for shape-selective catalysis. The selectivity for 2,6-DAN is a indicator of the difference in steric interaction of 2,6-and other isomers particularly 2,7-DIPN in the zeolite channels, where strict recognition of 2,6-and 2,7-DIPN is required for high selectivities because of small difference in their bulkiness.
Figures 12 through 14 show effects of the types of zeolite on selectivities for DAN isomers in the isopropylation, s-butylation, and t-butylation of NP at 250 , where further isomerization of β,β-and 2,6-DAN was almost negligible (see details of reaction results)
3),6),34)～37) . The selectivities for DIPN isomers were influenced by the types of zeolites and alkylating agents as shown in Fig. 12 . There were differences in the selectivities for β,β-DIPN among the one-dimensional 12-MR zeolites. The selectivities for β,β-DIPN were around 80% for MOR and AFI; however, they were much lower for ATS and IFR which provided α,α-and α,β-DIPN as principal products. MOR and AFI with straight channels can exclude bulky transition states more strictly than ATS and IFR with corrugated channels. Among the 14-MR zeolites, CFI afforded relatively high selectivities for β,β-DIPN at around 60%; however, α,α-and α,β-DIPN were principal DIPN isomers over DON and SFH. Furthermore, FAU, BEA, and CON gave α,α-and α,β-DIPN as principal DIPN isomers. These results reflect the differentiation of β,β-DIPN from other bulky isomers by the zeolite channels.
The selectivities for 2,6-DIPN were also influenced by the type of zeolite: 60% for MOR, 50% for AFI, and 40% for CFI. The differences are ascribed to the differentiation of 2,6-DIPN from other isomers, particularly 2,7-DIPN, because AFI and CFI have slightly larger channels than MOR. Other zeolites, however, gave much lower selectivities for 2,6-DIPN. These results indicate that MOR, AFI and CFI can moderately differentiate 2,6-DIPN from other isomers, whereas other zeolites have channels that are too large to exclude the formation of bulky DIPN isomers. Catalysis over such zeolites occurs under kinetic and/or thermodynamic controls, depending on the reaction temperature 35)～37) . The selectivities for β,β-di-s-butylnaphthalene (β,β-DSBN) were much improved over all zeolites in the s-butylation compared to the isopropylation, as shown in Fig. 13 . The selectivities for β,β-DSBN were higher than those for β,β-DIPN in the isopropylation. MOR and AFI gave β,β-DSBN with high selectivities of more than 95%, indicating that these zeolites can differentiate β,β-DSBN from other isomers. The selectivities over ATS and IFR were also enhanced to approximately 75-80%, whereas α,α-and α,β-DSBN were formed with selectivities of 20-25%. Among the 14-MR zeolites, CFI gave high selectivity of around 90%, whereas DON and SFH had selectivities of 66 and 67%, respectively. These increases in selectivities for β,β-DSBN indicate that s-butyl moieties enhance the differentiation of β,β-DSBN from α,α-and α,β-DSBN by steric interaction with the zeolites because s-butyl moieties act as bulkier substituents in zeolite channels than isopropyl moieties. Thus, MOR, AFI, and CFI can strictly differentiate β,β-DSBN from other isomers at the transition states. However, the other zeolites cannot fully exclude the transition states of α,α-and α,β-DSBN: kinetic and/or thermodynamic controls are still operating over these zeolites The selectivities for 2,6-DSBN were increased with the increase in the selectivities for β,β-DSBN. The selectivities for 2,6-DSBN were 82, 70, 57, and 52% over MOR, AFI, ATS, and IFR, respectively. The selectivities were also increased over the 14-MR zeolites: 65% for CFI, 54% for DON, and 51% for SFH, and over three dimensional zeolites: 55% for FAU, 46% for BEA, and 36% for CON. These increases indicate that bulkier s-butyl moieties enhance the differentiation between 2,6-and 2,7-DSBN by steric interaction with the zeolite. However, the formation of 2,7-DSBN was significant for IFR, FAU, BEA, and CON, particularly the latter two zeolites. Channels of these zeolites cannot fully recognize the differences between 2,6-and 2,7-DSBN.
The selectivities for β,β-di-t-butylnaphthalene (β,β-DTBN) were almost 100% for all zeolites as shown in Fig. 14 . These results indicate that all zeolites can differentiate β,β-DTBN from other isomers in their channels. The selectivities for 2,6-DTBN were also enhanced in the t-butylation, except over IFR, FAU, BEA, and CON, which remained at 61% for IFR, 65% for FAU, and 50% for BEA and CON. These results indicate that the zeolites except IFR, FAU, BEA, and CON can differentiate 2,6-DTBN from β,β-DTBN. However, IFR, FAU, BEA, and CON, particularly the latter two, cannot fully differentiate 2,6-and 2,7-DTBN despite complete recognition of β,β-DTBN from the other isomers. These results indicate that bulky alkylating agents enhance the selectivities for β,β-DTBN by increaseing steric interaction. More strict fitting of the transition state with the zeolites, however, was required for the recognition of 2,6-DTBN, even with bulky alkylating agents.
Comparison of Alkylation of BP and NP
Comparison of the alkylation of BP and NP is important to understand the mechanism of shape-selective catalysis. Selectivities for 4,4'-DABP in the alkylation of BP, and selectivities for β,β-and 2,6-DAN in the alkylation of NP vary with the different types of zeolites and alkylating agents. Highly shape-selective alkylation was only observed if only the transition state of the least bulky isomers fits with the channels. Shapeselective nature appears even for zeolites with larger channels if effective exclusion of the bulky isomers can be achieved by using bulky alkylating agents. These results indicate that shape-selective catalysis occurs if the zeolite channels fit only the transition state of the least bulky isomers.
The selectivities for 4,4'-DABP in the alkylation of BP were generally higher than those for 2,6-DAN in the alkylation of NP. The recognition of 4,4'-DABP from the second least bulky 3,4'-DABP is easier than that of 2,6-DAN from 2,7-DAN because the differences in bulkiness between 4,4'-and 3,4'-DABP are larger than those between 2,6-and 2,7-DAN. In the alkylation of BP, 4-alkylbiphenyl, the predominant isomer in the first step, yields selectively 4,4'-DABP under appropriate steric restriction conditions. However, the selective formation of 2,6-DAN from 2-alkylnaphthalene, the predominant isomer in the first step, requires more strict steric exclusion of the slightly bulkier 2,7-DAN by the zeolite channels.
Shape-selective ethylation of BP and NP to form 4,4'-diethylbiphenyl (4,4'-DEBP) and 2,6-diethylnaphthalene (2,6-DEN) has not been reported over any zeolites 68)～71) . We found the selective formation of 4,4'-DEBP in encapsulated products during the ethylation over MOR; however, 4,4'-DEBP disappeared rapidly because it is most reactive among the DEBP isomers 71) . MOR channels are too large to prevent further ethylation of 4,4'-DEBP.
Simulated features of the alkylation of NP and BP indicate that fitting of only the smallest isomer in the zeolite channels is essential for highly shape-selective formation of 4,4'-DABP and 2,6-DAN as discussed previously 55),72)～75) .
Conclusion
Shape-selective alkylation of polynuclear aromatic hydrocarbons, biphenyl (BP) and naphthalene (NP) was reviewed on the basis of the types of zeolites and alkylating agents. Selective formation of the least bulky 4,4'-diisopropybiphenyl (4,4'-DIPB) and 2,6-diisopropylnaphtahlene (2,6-DIPN) was observed in the isopropylation of BP and NP over MOR. These reactions were controlled by steric restriction of the transition state inside the channels. The selectivities for 4,4'-DIPB and 2,6-DIPN were much lower over zeolites with large channels such as ATS and IFR with onedimensional corrugated channels and 12-MR pore entrances, DON and SFH with one-dimensional channels and 14-MR pore entrances, and FAU, BEA, and CON with three-dimensional channels and 12-MR pore entrances. These results indicate that steric interaction of the transition state with the channels is due to the size and structure of the zeolite channels, and that fitting of the transition state with the channels is important for high shape-selectivities.
Steric interaction of the transition states is highly dependent on the types of zeolite and alkylating agent. The selectivities for 4,4'-DABP in the alkylation of BP, and for β,β-and 2,6-DAN in the alkylation of NP, were enhanced by the use of bulky alkylating agents, such as 1-butene and 2-methylpropene. These results indicate that highly shape-selective alkylation only occurs if the channels only fit strictly the transition state of the least bulky isomers.
Shape-selective catalyses related to the alkylation of aromatics in industry are operated in a wide range of chemical manufacturing and petro-refining; however, they are limited to simple mononuclear aromatics. We expect that the alkylation of polynuclear aromatic hydrocarbons is a promising way to manufacture advanced materials in the future. To achieve high selectivity and activity in the catalyses, it is important to design the zeolite based on the stereochemistry of the transition state of the reactant aromatic compound, the alkylating agent, and the acidic sites inside the pore. Future investigations are expected to focus on minimization of steric restriction of transition states from polynuclear aromatic hydrocarbons and alkylating agents on acid sites in the zeolite pore, prevention of reactions at the external acid sites, and control of number and strength of acidic sites inside the channels. We believe that these features will be useful for understanding catalysis by zeolites and for catalyst design in petrorefining and organic synthesis.
